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N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  
Lewis Research Center  
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SUMMARY 
A s  p a r t  o f  t h e  DOEINASA S t i r l i n g  Engine Systems P r o j e c t ,  a p r o m i s i n g  i r o n -  
base c a s t  a l l o y  i s  b e i n g  developed under c o n t r a c t  DEN 3-282 w i t h  t h e  U n i t e d  
Techno log ies  Research Center  (UTRC), des igna ted  NASAUT 4G-A1. I t s  nominal com- 
p o s i t i o n ,  I n  pe rcen t  by we igh t ,  i s  Fe-15Mn-15Cr-2Mo-1.5C-lNb-lSi. 
T h i s  r e p o r t  p resen ts  t h e  r e s u l t s  o f  a s tudy  o f  t h i s  a l l o y ,  4G-A1, pe r -  
formed a t  t h e  NASA Lewis Research Center t o  de termine i t s  c reep - rup tu re  proper -  
t i e s .  The a l l o y  was s t u d i e d  i n  the d i r e c t i o n a l l y  s o l i d i f i e d  (DS) form w i t h  a 
650 O C / l O O  h r  anneal recommended by UTRC t o  o p t i m i z e  p r o p e r t i e s  and i n  t h e  
i nves tmen t -cas t  ( I C )  form w i t h  e i t h e r  a 760 OC/20 h r  anneal recommended by UTRC 
t o  o p t i m i z e  p r o p e r t i e s ,  or a s o l u t i o n  anneal o f  790 OC/20 h r  f o l l o w e d  by a 
s i m u l a t e d  b r a z i n g  c y c l e  of 1065 OC/15 min  + a h e a t  t r e a t m e n t  o f  760 OC/16 h r  + 
650 OC/16 h r .  
a 
d m 
I 
m 
w 
A1 loy 4G-A1 e x h i b i t e d  t y p i c a l  3-stage c reep response under a1 1 c o n d i t i o n s  
t e s t e d .  The most c reep r e s i s t a n t  c o n d i t i o n  was t h e  DS m a t e r i a l .  T h i s  cond i -  
t i o n  compares v e r y  f a v o r a b l y  t o  the p r o t o t y p e  (HS-31) and p r ime  cand ida te  
(XF-818) a l l o y s  f o r  t h e  au tomot ive  S t i r l i n g  eng ine  c y l i n d e r l r e g e n e r a t o r  
hous ing .  
INTRODUCTION 
An advanced m a t e r i a l s  technology program a t  NASA Lewis Research Center  has 
been s u p p o r t i n g  t h e  DOE/NASA S t i r l i n g  Engine Systems P r o j e c t .  
d i r e c t e d  towards meet ing  t h e  h i g h  temperature components requ i remen ts  o f  
S t i r l i n g  eng ines .  One o f  t h e  most c r i t i c a l  components i s  t h e  h e a t e r  head, con- 
s i s t i n g  o f  c y l i n d e r s ,  regenera to rs  and t u b i n g .  The major  h i g h  tempera ture  
T h i s  program i s  
m a t e r i a l s  requ i rements  have been d e s c r i  bed i n  assessments o 
m a t e r i a l s  techno logy  ( r e f s .  1 and 2 ) .  
ENGINE REQUIREMENT AND ALLOY SELECTION 
The MOD 1 A  S t i r l i n g  au tomot ive  eng ine  d e s i g n  c r i t e r i a  
- S t i r 1  i ng eng ine  
s based upon 
3500 h r  o f  engine o p e r a t i o n  under a combined 5 5 - p e r c e n t  urban145 p e r c e n t  h igh -  
way d r i v i n g  c y c l e .  
o f  820 O C  and t h e  c y l i n d e r - r e g e n e r a t o r  housings a maximum tempera ture  o f  
775 OC. 
o f  7.2 MPa. The des ign  c r i t e r i a  i n c l u d e  a s a f e t y  f a c t o r  o f  1.5; t hus  t h e  
des ign  s t r e s s  needed f o r  a t a r g e t  r u p t u r e  l i f e  of 3500 h r  would be about  28 MPa 
f o r  h e a t e r  head tubes and about  119 MPa for c y l i n d e r  and r e g e n e r a t o r  hous ings  
The h e a t e r  head tubes  w i l l  expe r ience  a mean tempera tu re  
The hydrogen work ing  f l u i d  w i l l  have an e q u i v a l e n t  average p r e s s u r e  
( r e f .  14 ) .  I t  has been found i n  r e c e n t  eng ine  o p e r a t i o n  t h a t  no  c y l i n d e r  or 
regenera to r  housing f a i l u r e s  o c c u r r e d  by c r e e p - r u p t u r e ,  b u t  f a i l u r e  d i d  occu r  
by f a t i g u e .  Therefore,  i t  i s  b e l i e v e d  t h a t  t h i s  c r e e p - r u p t u r e  requ i remen t  i s  
v e r y  conserva t i ve .  
A p r o m i s i n g  a l l o y  r e s u l t i n g  from t h i s  program i s  b e i n g  developed under 
c o n t r a c t  DEN 3-282 w i t h  t h e  U n i t e d  Techno log ies  Research Center .  I t  has been 
des ignated  NASAUT 4G-A1. 
pe rcen t )  i s  Fe-15Mn-15Cr-2Mo-1.5C-lNb-lSi. 
s t rengthened by sol i d  s o l u t i o n  s t r e n g t h e n e r s  and c a r b i d e  phases ( r e f .  3 ) .  
The nominal compos i t i on  o f  t h i s  a l l o y  ( i n  we igh t  
The a l l o y  i s  a u s t e n i t i c  and i s  
For an automot ive a p p l i c a t i o n  w i t h  a c o n s e r v a t i v e  volume a t  400 000 
engines per  yea r ,  e s t i m a t e s  show t h a t  c u r r e n t  c o b a l t  p r o d u c t i o n  c o u l d  n o t  meet 
the  demand o f  t h i s  p o t e n t i a l  s i n g l e  use o f  c o b a l t .  
or n i c k e l ,  i t s  cost  i s  reduced c o n s i d e r a b l y  and t h i s  new n i c k e l a n d  c o b a l t - f r e e  
a l l o y  i s  more a t t r a c t i v e  than t h e  c o b a l t  a l l o y ,  X-40 (HS-31) used i n  i n i t i a l  
p r o t o t y p e  engines.  
S ince  i t  c o n t a i n s  no c o b a l t  
A s tudy  was made o f  t h e  c reep- rup tu re  p r o p e r t i e s  o f  t h i s  a l l o y s  a t  NASA 
Lewis by t h e  au thors .  Th is  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  o f  t h i s  s t u d y .  
MAT E R I A L 
The a l l o y ,  NASAUT 4G-A1, was de termined t o  possess the  b e s t  comb ina t ion  
o f  p r o p e r t i e s  o f  the  exper imen ta l  a l l o y s  i n v e s t i g a t e d  by  UTRC i n  t h i s  program. 
To a l i m i t e d  ex ten t ,  i t s  mechanical p r o p e r t i e s  were e v a l u a t e d  a t  UTRC i n  b o t h  
the  conven t iona l  inves tment  c a s t  ( I C )  and d i r e c t i o n a l l y  s o l i d i f i e d  (DS) c o n f i g -  
u r a t i o n s .  
development program ( a l l o y s  X-40 (HS-31) and XF-818) ( r e f s .  3 t o  9 ) .  
The a l l o y  compared f a v o r a b l y  w i t h  those b e i n g  used for  t h e  eng ine  
T e n s i l e  bars o f  b o t h  I C -  and DS-cast a1 oy w e r e  o b t a i n e d  from UTRC o f  t h e  
same s tock  as used i n  t h e i r  t e s t i n g  program. Specimens t e s t e d  i n  t h i s  s tudy  
were g i v e n  p r e - t e s t  hea t  t rea tmen ts  as shown i n  t a b l e  1 .  B a s e l i n e  DS specimens 
were g i v e n  an anneal o f  650 O C / l O O  h r  i n  a i r  and a i r  coo led  w h i l e  t h e  I C  spec i -  
mens were  annealed 760 O C / 2 0  h r  i n  vacuum. h i s  was b e l i e v e d  by  UTRC t o  y i e l d  
optimum p r o p e r t i e s  for  t h e  a l l o y s  f o r  each r e s p e c t i v e  c a s t i n g  method. A l a t e r  
heat  t r e a t m e n t ,  used on t h e  i nves tmen t -cas t  specimens, was dev i sed  due t o  t h e  
need t o  braze heater  tubes t o  t h e  h e a t e r  head c a s t i n g  f o r  eng ine  assembly. The 
hea t  t r e a t m e n t  cons is ted  o f  a s o l u t i o n  anneal a t  790 OC/20 h r  f o l l o w e d  by a 
s imu la ted  braze c y c l e  o f  1065 OC/15 min + 760 OC/16 h r  + 650 OC.116 h r .  
f i n a l  two temperature- t ime combina t ions  a r e  r e q u i r e d  f o r  the  tube  a l l o y ,  CG-27, 
which i s  a p r e c i p i t a t e - s t r e n g t h e n e d  a l l o y .  F i g u r e  1 shows t h e  m i c r o s t r u c t u r e s  
o f  t h e  a l l o y  f o l l o w i n g  each o f  these h e a t  t r e a t m e n t s .  
The 
EXPERIMENTAL PROCEDURE 
Composi t ions o f  t h e  m a t e r i a l  i n v e s t i g a t e d  i n  t h i s  s tudy  a r e  l i s t e d  i n  
t a b l e  11. The DS m a t e r i a l  was s u p p l i e d  i n  t h e  form o f  1.3 cm d iameter  by 
26 cm l o n g  b a r s .  
d i n a l  t e s t  d i r e c t i o n  p a r a l l e l  to  t h e  s o l i d i f i c a t i o n  d i r e c t i o n .  The s o l i d i f i c a -  
t i o n  d i r e c t i o n  was r e p o r t e d  by UTRC to  be n o m i n a l l y  < loo> .  The I C  m a t e r i a l  was 
Creep- rup ture  t e s t  specimens were machined w i t h  t h e  l o n g i t u -  
2 
. 
r;uppl l e d  1 1 1  t h e  forin of l r ive2tmei i t  c d s t  thr,edded t e s t  speclmens a5 shown I n  
f l g u r e  2 .  
T e n s i l e  c reep- rup tu re  t e s t s  were conducted i n  a i r  i n  accordance to  ASTM 
E139. Constan t  l o a d  c reep- rup tu re  t e s t s  were conducted i n  t h e  760 t o  900 O C  
r e g i o n  i n  conven t iona l  beam-loaded machines. S t r a i n  measurements d u r i n g  c reep 
were de termined from t h e  movement of an extensometer  a t t a c h e d  t o  t h e  reduced 
s e c t i o n  o f  the  specimens and conver ted  to  an e l e c t r i c a l  s i g n a l  by  means o f  a 
l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t rans fo rmer .  Tes t  tempera tures  were measured by 
Pt -P t l3Rh thermocouples a t t a c h e d  t o  t h e  specimen reduced gage s e c t i o n .  
RESULTS AND DISCUSSION 
T y p i c a l  c reep curves for t h e  4G-A1 a l l o y  i n  t h e  DS and I C  c o n d i t i o n s  and 
h a v i n g  t h e i r  optimum hea t  t rea tmen ts  a r e  shown i n  f i g u r e  3. The 4G-A1 m a t e r i a l  
i s  no ted  t o  e x h i b i t  c l a s s i c a l  c reep behav io r ,  i . e . ,  t h r e e  s tage c reep.  
F i g u r e  3 shows t h e  smooth, a lmos t  p a r a b o l i c  p r i m a r y  c reep s tage,  f o l l o w e d  by 
t h e  secondary s teady -s ta te  s tage which de termines  t h e  minimum creep r a t e  and 
i n t o  t h e  t h i r d  s tage l e a d i n g  t o  r u p t u r e .  
Base- l ine  creep r u p t u r e  d a t a  a t  760 t o  900 O C  from t e s t s  o f  t h e  optimum 
h e a t  t r e a t e d  a l l o y s  r e s u l t s  from s i m i l a r  t e s t s  on s imu la ted  b raze  c y c l e d  mate- 
r i a l s  a r e  summarized i n  t a b l e s  3 t o  5. The e f f e c t s  o f  s t r e s s  on t h e  minimum 
t i o n s  a t  t h e  c reep- rup tu re  t e s t  temperatures a re  g i v e n  i n  f i g u r e s  4 and 5. 
t h e  t i m e  t o  r u p t u r e  ( t R ,  h r )  as a f u n c t i o n  of s t r e s s  were p e r f w m e d  u s i n g  a 
form o f  t h e  Orr-Sherby-Dorn ( r e f .  10) power l aw  r e l a t i o n s h i p .  U s i n g  m u l t i p l e  
l i n e a r  r e g r e s s i o n  a n a l y s i s ,  a c t i v a t i o n  energ ies  for c reep were  de te rm ined  fo r  
each c o n d i t i o n  based on minimum creep r a t e s  as w e l l  as r u p t u r e  l i v e s .  These 
a c t i v a t i o n  energy va lues  a r e  l i s t e d  i n  t a b l e  6 a long  w i t h  s t r e s s  exponents and 
cons tan ts  f o r  t h e  f o l l o w i n g  r e l a t i o n s h i p s :  
ir eerj  ail; oil the 1. ...-- 1 3  c- 
I U ~ L U I  e I I I e iif the  th i -ee NASAUT 4G-AI i i iatei - ia l  coni;;- 
Temperature-compensated a n a l y s i s  o f  t h e  minimum creep r a t e  (Ern, sec-1) and 
Ql l n d , = l n k  + n  l n u + -  1 1 RT 
I n  tR = I n k  + n  l n u + <  2 2  RT 
( 1 )  
( 2 )  
where Em i s  t h e  minimum creep r a t e  ( s e c - l ) ,  t R  i s  r u p t u r e  l i f e  ( h r ) ,  k l  and 
k 2  a r e  cons tan ts ,  n1 and n2 a re  s t r e s s - t e r m  exponents,  u i s  s t r e s s  (MPa), R 
i s  gas c o n s t a n t  (8 .314 J/K-mol), T i s  a b s o l u t e  tempera ture  ( K ) ,  and Q1 and 
Q2 a r e  apparent  a c t i v a t i o n  energ ies  (KJ /mol )  ( r e f s .  11 t o  13) .  Equa t ions  ( 1 )  
and ( 2 )  a l o n g  w i t h  t h e  va lues  i n  t a b l e  6 a r e  u s e f u l  i n  p r e d i c t i n g  r u p t u r e  l i v e s  
and minimum creep r a t e s  w i t h i n  t h e  p r e s e n t  t e s t  c o n d i t i o n s ,  b u t  t h e  r e l i a b i l i t y  
o f  e x t r a p o l a t i o n s  beyond these c o n d i t i o n s  i s  n o t  recommended. 
I t  i s  no ted  i n  f 
s i n g l e  s lope  for f m  
s t r e s s  r e g i o n  s t u d i e d  
c reep r a t e  (Em) equat  
c i e n t s  ( Q 1 ,  n1, and 
gure  4 t h a t  a l l  c o n d i t i o n s  t e s t e d  a r e  p l o t t e d  w i t h  a 
versus s t r e s s  sugges t ing  t h a t  i n  t h e  tempera ture  and 
o n l y  one creep mechanism was o p e r a t i v e .  The minimum 
on fo r  each c o n d i t i o n  i s  g i v e n  i n  t a b l e  V I  by t h e  c o e f f i -  
n K1) and i s  v a l i d  f o r  t h e  s t r e s s  and tempera tu re  range 
3 
s t u d i e d .  
t i o n  i s  t h e  d i r e c t i o n a l l y  s o l i d i f i e d  c o n d i t i o n  f o l l o w e d  b y  t h e  i nves tmen t  c a s t  
m a t e r i a l s .  For example, a t  775 O C  and a c reep  r a t e  t h e  s t r e s s  l e v e l s  
range from about  200 MPa, t o  165 MPa, t o  145 YPa for t h e  DS, and for  t h e  
inves tment  c a s t  annealed and b raze  c y c l e d  m a t e r i a l s ,  r e s p e c t i v e l y .  
I n  f i g u r e  5 t h e  same s i n g u l a r  s lope for each t e s t  c o n d i t i o n  i s  no ted  f o r  
c reep- rup tu re  l i f e  ( t r )  versus  s t r e s s .  The c reep- rup tu re  t i m e  ( tr)  e q u a t i o n  
for each c o n d i t i o n  i s  g i v e n  i n  t a b l e  V I  by t h e  c o e f f i c i e n t s  (42, n2, and I n  
K2) and i s  v a l i d  f o r  t h e  s t r e s s  and tempera ture  range s t u d i e d .  From f i g u r e  5 
i t  i s  no ted  t h a t  t h e  d i r e c t i o n a l l y  s o l i d i f i e d  c o n d i t i o n  has t h e  g r e a t e r  s t r e s s -  
r u p t u r e  s t r e n g t h .  For example t h e  1000-hr r u p t u r e  l i f e  a t  775 OC f o r  t h e  DS 
m a t e r i a l  occu rs  a t  about  200 MPa w h i l e  f o r  t h e  i nves tmen t  c a s t  m a t e r i a l  i t  i s  
about 150 MPa and for t h e  braze c y c l e d  m a t e r i a l  i s  130 Mpa. 
E l o n g a t i o n  and r e d u c t i o n  i n  a rea  measurements f o l l o w i n g  r u p t u r e  g e n e r a l l y  
i n d i c a t e  inc reased d u c t i l i t y  w i t h  i nc reased  s t r e s s  a t  c o n s t a n t  tempera ture ,  
ove r  t h e  range of  l oads  a p p l i e d  i n  t h i s  s tudy  and agree w i t h  a p r e v i o u s  creep-  
r u p t u r e  s tudy  (ref. 14) of i ron-base s u p e r a l l o y s .  Tables I11 and I V  show t h a t  
t he  p e r c e n t  r e d u c t i o n  i n  a rea  ( R A )  and p e r c e n t  e l o n g a t i o n  (EL) o f  t h e  NASAUT 
4G-A1 m a t e r i a l  i s  reduced when t h e  c a s t i n g  method i s  changed from DS t o  i n v e s t -  
ment. The DS a l l o y s  g e n e r a l l y  show a RA o f  about  60 p e r c e n t  and a EL o f  about  
17 p e r c e n t  whereas t h e  inves tment  c a s t  c o n d i t i o n  o n l y  shows about  a 6 p e r c e n t  
RA and an EL of  about 5 p e r c e n t .  The h i g h  tempera ture  braze c y c l e  h e a t  t r e a t -  
ment tends t o  restore a smal l  percentage o f  t h e  l os t  d u c t i l i t y  o f  t h e  i n v e s t -  
ment c a s t  m a t e r i a l .  
From f i g u r e  4 i t  i s  a l s o  no ted  t h a t  t h e  most c reep  r e s i s t a n t  cond i -  
F r a c t u r e  of  NASAUT 4G-A1 g e n e r a l l y  i s  o f  a d u c t i l e  n a t u r e ,  a l t h o u g h  t h e  
c a r b i d e  phases tend to c r a c k  and form t h e  i n i t i a t i o n  s i t e s  for t h e  d u c t i l e  
f a i l u r e  o f  t h e  a u s t e n i t i c  m a t r i x .  V i s u a l  i n s p e c t i o n  o f  t h e  f r a c t u r e d  specimens 
showed a r o u g h l y  cup-cone t y p e  o f  f a i l u r e .  M e t a l l o g r a p h y  ( f i g .  6) a l s o  con- 
f i r m e d  a d u c t i l e  behav io r  o f  t h e  m a t r i x  phase, g i v i n g  an o v e r  a l l  d u c t i l e  f r a c -  
t u r e  b e h a v i o r ,  as i n d i c a t e d  by t h e  r e s p e c t a b l e  d u c t i l i t y  va lues  o f  t a b l e s  I11 
t o  V .  On-going s t u d i e s  w i l l  de te rmine  the  e f f e c t  o f  a b r a z i n g  c y c l e  on r u p t u r e  
d u c t i l i t y  o f  DS m a t e r i a l ,  l o n g i t u d i n a l  and t r a n s v e r s e  t o  t h e  s o l i d i f i c a t i o n  
d i r e c  t i on. 
I n  f i g u r e  7 t h e  tempera ture  dependence i s  shown f o r  t h e  e x t r a p o l a t e d  
3500 h r  r u p t u r e  s t r e n g t h  o f  t h e  NASAUT 4G-A1 a l l o y ,  t h e  p r ime  cand ida te  a l l o y  
XF-818, ( r e f .  14) and t h e  p r o t o t y p e  a l l o y  HS-31 ( r e f .  14) .  The NASAUT 4G-A1 
a l l o y  i n  t h e  DS and i n  the  inves tment  c a s t  c o n d i t i o n  b o t h  exceed t h e  MOD 1 A  
S t i r l i n g  eng ine  des ign  c r i t e r i a  i n  the  non-braze-cyc led c o n d i t i o n .  
m a t e r i a l  i s  35 percent  s t r o n g e r  than  the  equ iaxed inves tmen t  c a s t  m a t e r i a l ,  
165 MPa versus  125 MPa a t  775 OC. S u b j e c t i n g  t h e  i nves tmen t  c a s t  m a t e r i a l  t o  
t h e  s imu la ted  braze c y c l e  r e s u l t e d  i n  about  12 p e r c e n t  loss i n  r u p t u r e  
s t r e n g t h .  I f  we assume t h a t  t h e  braze c y c l e  h e a t  t r e a t m e n t  w i l l  have a s i m i l a r  
e f f e c t  on t h e  DS m a t e r i a l  w i t h  a p a r a l l e l  r e d u c t i o n  i n  r u p t u r e  s t r e n g t h ,  t h e  
NASAUT 4G-A1 i n  the DS c o n d i t i o n  i s  cons idered a h i g h l y  a c c e p t a b l e  a l l o y  f o r  
S t i r 1  i n g  eng ine  appl  i c a t i o n s .  
The DS 
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CONCLUDING REMARKS 
T h i s  s tudy  has shown t h a t  t he  c a s t i n g  techn iques  and h i g h  tempera ture  
b r a z i n g  o p e r a t i o n s  a f f e c t  t h e  c reep- rup ture  p r o p e r t i e s  o f  t h e  NASAUT 4G-A1 
a l l o y .  The l o s s  i n  s t r e n g t h  due t o  i nves tmen t  c a s t i n g  p l u s  a d d i t i o n a l  braze-  
c y c l e  h e a t e r  t ube  hea t  t r e a t m e n t  has been shown t o  be p r o h i b i t i v e  i n  terms o f  
p o t e n t i a l  eng ine  a p p l i c a t i o n .  If necessary,  e i t h e r  eng ine  d e s i g n  or m o d i f i c a -  
t i o n s  i n  a l l o y  compos i t i on  as w e l l  as hea t  t r e a t m e n t  to  improve or o p t i m i z e  
c reep- rup tu re  s t r e n g t h  c o u l d  compensate f o r  t h i s  s t r e n g t h  l o s s .  F a t i g u e ,  co r -  
rosion, and o x i d a t i o n  r e s i s t a n c e  are c u r r e n t l y  b e i n g  i n v e s t i g a t e d  for  t h e  4G-A1 
a l l o y  t o  f u r t h e r  c h a r a c t e r i z e  t h e  a l l o y  f o r  au tomot i ve  S t i r l i n g  eng ine  
app l  i c a t i o n s .  
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T A R 1  F T .  - C A S T I N G  TtCHNlOUES AND I i E A l  TREATMEN1 OF NASAUT 4G-A1 
P R I O R  TO CRkCP/RUPlURE T E S T I N G  
I c a s t i n g  t e c h n i q u e  1 Heat t reatmen t 
Minimum 
c r e e p  r a t e ,  
sec-1 
2 . 2 4 ~ 1 0 - ~  
4 . 7 5 ~ 1 0 - ~  
4 . 7 8 ~ 1  0-9 
6.1 0x10-1 
3 . 1 9 ~ 1 0 - ~  
9 . 6 2 ~ 1 0 - ~ O  
1 /70x1 0-8 
2 . 3 0 ~ 1  0 -8  
1 . 7 7 ~ 1 0 - 9  
D i r e c t i o n a l  s o l i d i f i e d  (OS) 
I nves tmen t  c a s t  (A)  
Inves tmen t  c a s t  ( A  t BC) 
Time t o  
1 p e r c e n t  
s t r a i n ,  
h r  
3.28 
8.43 
16.45 
b30. 15 
3.77 
b191 .08 
94.53 
691.93 
81.05 
650 "C/100 h r  i n  a i r  
760 "C/20 h r  i n  10-2 Pa vacuum - 
790 "C/20 h r  I n  Pa vacuum - 
a i r  c o o l e d  
f u r n a c e  c o o l e d  
f u r n a c e  c o o l e d  
1065 "C/15 m i n  vacuum 
760 "C/16 h r  vacuum 
f u r n a c e  c o o l e d  
650 "C/16 h r  vacuum - 
f u r n a c e  coo led  
f u r n a c e  c o o l e d  
TABLE 11. - CHEMICAL ANALYSES OF NASAUT 4G-A1 
I I 1 I Element,  w t  % 1 
TABLE 111. - CREEP RUPlURE D A l A  F O R  DIREClIONALLY SOLIDIFIED 
NASAUl 46-A1 ANNEAL€D AT 650 " C  FOR 100 h r  I N  A I R  AND 
A I R  COOLED P R I O R  T O  T E S T I N G  
T e s t  
" C  
t empera tu re ,  
760 
760 
760 
760 
81 5 
81 5 
81 5 
81 5 
900 
T e s t  
s t r e s s ,  
M Pa 
240 
225 
21 0 
180 
180 
150 
140 
1 2 5  
103 
Rupture 
t i m e ,  
h r  
281.6 
946.5 
1264.4 
a4520.4 
199.4 
946.6 
al 645.3 
a3273.2 
170.5 
Percen t  
RA 
60 
49 
59 
58 
65 
66 
67 
5 5  
70 
Percen t  
EL 
26 
14 
16  
15 
18  
21 
19 
14 
15 
aPower i n t e r r u p t i o n  d u r i n g  t e s t .  
bT rea ted  as m i s s i n g  v a l u e  i n  r e g r e s s i o n .  
7 
TABLE I V .  - CREEP R U P l U R t  D A l A  F O R  NASAUl 46 A1  ALLOY 
PRODUCED BY 1NVkSlMtN1 CAS11NG. ANNEALED 760 " C  f o r  
20 h r  AT Pa; FURNACE COOLED P R I O R  TO TESlING 
I 
l e s t  
" C  
empera t u r  e, 
T e s t  
s t r e s s ,  
MPa 
Rup tu re  
t i m e ,  
h r  
Minimum 
c r e e p  r a t e ,  
sec-1 
l i m e  t o  
1 p e r c e n t  
s t r a i n ,  
h r  
Pe rcen t  
R A  
P e r c e n t  
€. L 
220 
205 
190 
180 
165 
150 
140 
130 
110 
100 
676.0 
868.4 
1159.4 
213.3 
429.6 
1209.7 
1262.8 
274.2 
1039.1 
a844. 1 
34.60 
60.44 
200.08 
5.94 
58.94 
536.72 
581.39 
115.59 
337.45 
334.29 
9 
9 
5 
6 
3 
1 3  
3 
4 
5 
_ _  
7 
7 
4 
5 
2 
6 
2 
4 
6 
-- 
1 .28xlO-B 
7 . 0 0 ~ 1  0-9 
5 .  ~ 2 ~ 1 0 - 9  
3.1 6x1 0-  
8 . 1 9 ~ 1 0 - ~  
3 . 2 0 ~ 1 0 - ~  
2 . 6 0 ~ 1  0-9 
- - - - - - - - - 
- - - - - - - - - 
- - - - - - - - - 
725 
725 
725 
7 1 5  
775 
775 
775 
825 
825 
825 
aPower i n t e r r u p t i o n  d u r i n g  t e s t .  
TABLE V .  - C R F - t P  R U P l U R €  D A l A  F O R  NASAUl 4G-A1 ALLOY PRODUCF-0 BY 
I N V € S I M t N l  CASllNG. MAl tRIAL ANNLALED 790 " C  f o r  20 h r  AT Pa 
VACUUM 11iEN SIMULAltO B R A Z t  CYCLE ANNFMLED: 1065 " C  - 15 rnln 
PLUS H E A l t H  l U B t  SlMULATtD H E A l  TRtAlMENl OF 760 " C  - 1 6  h r ,  
650 " C  - 16  h r  P R I O R  l t S l l N G  F U R N A C t  C001.ED P R I O R  TO lES71NG 
_____ 
Tes t  
s t r e s s ,  
MPa 
Minimum 
c r e e p  r a t e ,  
sec-1  
Tlme t o  
1 p e r c e n t  
s t r a i n ,  
h r  
l e r c e n t  I Percen t  Test 
" C  
tempera t u  r e, 
725 
I 
I 
1 
775 
825 
Rup tu re  
t ime ,  
h r  
R A  EL 
250 
220 
21 0 
200 
180 
180 
160 
150 
150 
140 
136 
130 
120 
110 
105 
100 
100 
41.8 
100.4 
157.8 
220.6 
608.2 
52.6 
304.6 
752.1 
361 .6 
556.3 
1965.0 
1140.6 
175.9 
415.9 
489.8 
1145.1 
1810.8 
5 .OOx1 0 -7  
6 . 2 4 ~ 1  0-8 
1 . 7 7 ~ 1 0 - ~  
2 . 3 6 ~ 1 0 - ~  
3 . 9 3 ~ 1 0 - 8  
2 . 5 5 ~ 1 0 - 8  
9 . 2 2 ~ 1  0-9 
2 . 5 9 ~ 1  0-9 
2 . 9 5 ~ 1 0 - 9  
7 . 3 7 ~ 1 0 - 9  
6 . 6 3 ~ 1 0 - 9  
1 .88x10-9 
1 . 8 0 ~ 1 0 - 7  
1 .01 x i  0-7 
1 . l o x 1  0-8  
2.OOxlO-8 
- - - - - - - - - 
1 .41  
7 .63  
7.86 
13.42 
153.94 
0.24 
23.17 
85 .00  
105.14 
90.70 
663.10 
381.6 
45.18 
178.01 
224.22 
11 27.1 3 
- - --_- -
38 
29 
1 4  
15  
11 
26 
4 1  
15 
4 
6 
20 
4 
21 
17  
1 2  
9 
8 
21 
23 
9 
4 
5 
8 
3 
3 1 4  
3 
2 
2 
- -  
4 
2 
5 
10 
8 
m 
7 
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cu c 
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I 
L n  
9 
03 
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-0 
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DIRECTIONALLY S O L I D I F I E D  
CAST AND ANNEALED 
CAST AND BKAZE CYCLED 
FIGURE 1. - MICROSTRUCTURE OF HEAT TREATED 
NASAUT 4G-A1. 
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( A )  DIRECTIONALLY SOLIDIF IED AND ANNEALED 100 HR AT 6 5 0  OC PRIOR TO 
TESTING AT 815 OC AN0 150 MPA ( 9 4 7  HR L I F E ) .  
NASAUT 4G-A1 
DS - DIRECTIONALLY S O L I D I F I E D  
A - CAST AND ANNEALED 
( B )  INMSTMENT CAST AND ANNEALED 20 HR AT 760 OC PRIOR TO TESTING A1 
775 OC AND 150 MPA ( 1 2 1 0  HR LIFE) .  
( C )  INVESTMENT CAST AN0 ANNEALED FOR 20 HR AT 760 O C .  THEN GIVEN THE 
BRAZE CYCLE PRIOR TO TESTING AT 775 OC AND 150 MPA ( 7 5 2  HR L I F E ) .  
FIGURE 6 .  - DUCTILE FRACTURES OF TYPICAL NASAUT 4G-A1 SPECIMENS. 
w 
825 800 775 
TEMPERATURE, OC 
FIGURE 7. - THE TEMPERATURE DEPENDENCY OF 3500-HR RUPTURE 
STRENGTH FOR CANDIDATE S T I R L I N G  ENGINE ALLOYS COMPARED 
TO THE MOD 1A S T I R I N G  AUTOMOTIVE ENGINE DESIGN CRITERIA.  
c 
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